Summary Irinotecan (CPT-11) is a semisynthetic camptothecin derivative with a broad spectrum of anti-tumour activity. Carboxylesterase (CE) catalyses the conversion of CPT-11 to , the active form of CPT-11. The antiproliferative effects of CPT-11 and SN-38, CE-activity and topoisomerase protein expression were investigated in five human small-cell lung cancer (SCLC) cell lines and four human non-small-cell lung cancer (NSCLC) cell lines. Antiproliferative activity, expressed as IC50 values, was determined using the MTT assay. CPT-11 was significantly more active in SCLC than in NSCLC cell lines (P = 0.0036), whereas no significant difference between histological types was observed with SN-38. A significant correlation (r2 = 0.52, P = 0.028) was observed between CE activity and chemosensitivity to CPT-11 but not to SN-38, and significantly higher CE activity was observed in SCLC compared with NSCLC cell lines (P = 0.025). Western blotting experiments showed topoisomerase protein expressions within a factor of 2, and a granular nuclear staining was detectable in all cell lines by immunocytochemistry of cytospins. No correlation was observed between protein expression and sensitivity to CPT-11 or SN-38. Cellular and medium concentrations of CPT-11 and SN-38 were measured by high-performance liquid chromatography (HPLC) in one SCLC cell line with high CE activity and high sensitivity to CPT-11, and one NSCLC cell line with low sensitivity to CPT-1i1 and CE activity. Intracellular concentrations of CPT-11 and SN-38 were higher in the SCLC cell line, and this was associated with an increase in cellular uptake of CPT-11 compared with the medium, and an increased intracellular formation of SN-38. In conclusion, CE activity appears to be associated with higher sensitivity to CPT-1i1 in human lung cancer cell lines and may partly explain the difference in the in vitro sensitivity to CPT-11 between SCLC and NSCLC cells. The assessment of CE activity in clinical material of lung cancer patients undergoing treatment with CPT-11 may be warranted. However, other mechanisms may influence sensitivity to CPT-11, possibly including drug transport.
Camptothecin is a potent anti-cancer agent and specific inhibitor of topoisomerase I. Unfortunately, the clinical development of camptothecin was halted because of its poor water solubility and unpredictable severe side-effects observed in early clinical studies (Potmesil, 1994) . Irinotecan (CPT-I 1) is a water-soluble derivative of camptothecin, developed in Japan (Potmesil, 1994) which is converted into the active metabolite SN-38 by a carboxylesterase (CE), which is present in the liver and serum (Kaneda et al, 1990) . Camptothecins stabilize the cleavable complex formed between DNA, enzyme and drug; consequently, the cleavable complex impedes the religation of transient DNA single-strand breaks and blocks the replication fork, eventually leading to lethal doublestrand breaks (Liu, 1989) .
Activity of CPT-1 1 has been reported in several malignancies (Slichenmyer et al, 1993; Potmesil, 1994) , and remarkable efficacy has been observed in tumours that are poorly responsive to conventional chemotherapy, such as non-small-cell lung cancer (NSCLC) and colon cancer. The mechanisms responsible for the higher sensitivity to chemotherapy of small-cell lung cancer (SCLC) compared with NSCLC are not well understood. A higher expression and activity of topoisomerase II were observed in SCLC than in NSCLC cell lines, which may partly explain the higher response of the former to the topoisomerase II inhibitors etoposide and doxorubicin (Kasahara et al, 1992) . Furthermore, a lower etoposide uptake in NSCLC cells was also reported. CPT-11 as a single agent achieved response rates of 12-34% in previously untreated NSCLC patients, and response rates of 43-54% when combined with cisplatin. Response rates of 23-47% were observed when CPT-11 was administered as a single agent to pretreated SCLC patients and response rates of 58-86% when combined with cisplatin (Giaccone, 1996) . Lower expression of the target enzyme topoisomerase I, mutations of the gene and reduced metabolic conversion (for CPT-11 only) have been suggested to be responsible for drug resistance to this new class of anti-cancer agents (Slichenmyer et al, 1993; Potmesil, 1994) . In this study, we attempted to identify the determinants of the differential sensitivity of lung cancer cells to CPT-I 1.
MATERIALS AND METHODS Chemicals and drugs
CPT-1 1 and SN-38 were kindly provided by Yakult Honsha (Tokyo, Japan). Both compounds were solubilized in dimethyl sulphoxide and stored, protected from light, at 4°C. Para-nitrophenylacetate (p-NPA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were from Sigma Chemical (Zwijndrecht, NL). All other chemicals were of standard analytical quality and were commercially available.
Cell lines
The origin and maintenance of all human lung cancer cell lines have been described previously (Zijlstra et al, 1987; Carmichael et al, 1988; Kuiper et al, 1990 ). The NSCLC cell lines were cultured in Nunc flasks (Roskilde, Denmark) as monolayers, whereas the SCLC cells grew as floating clusters. The culture medium was RPMI medium (Flow Labs, Irvine, UK) supplemented with 10% fetal calf serum (FCS, Gibco, Paisley, UK) and 1 mM L-glutamine, except for the NSCLC cell line SW-1573, which was cultured in Dulbecco's modified Eagle medium (DMEM, Flow Labs) supplemented with 10% FCS. Cell lines were maintained in a 5% carbon dioxide incubator at 37°C. The resistant cell line GLC4/ADR was cultured in the presence of doxorubicin until 7-14 days before experiments. All cell lines were free from Mycoplasma as tested with the mycoplasma T.C. rapid detection system with a 3H-labelled DNA probe from Gen-probe (San Diego, CA, USA).
Antiproliferative activity
Drug effects on exponentially growing cells were determined using the semiautomated MTT assay (Carmichael et al, 1988) . Drugs were diluted in culture medium and added to the cultures 24 h after cell seeding. Drug exposure time was for 96 h, after which 0.1 mg per well of MTT was added, and the plates were further incubated for 4 h. Supernatants were carefully removed, and formazan crystals were dissolved in 150,l of dimethyl sulphoxide. The optical density was measured at 540 nm using a Titertek microplate reader (Multiscan MCC/340, Flow, UK). Antiproliferative activities of CPT-11 and SN-38 were expressed as drug concentrations that induced 50% of growth inhibition compared with growth of untreated control (IC50). The IC50 values were the means of at least three independent experiments, each performed in replicates of six.
Carboxylesterase activity
Carboxylesterase (CE) activity was assessed in all cell lines, culture medium and blood of healthy volunteers by measuring the hydrolysis of pNPA to para-nitrophenol catalysed by CE, as described by Tsuji et al (1991) . Briefly, cells were harvested, counted and washed twice with cold phosphate-buffered saline (PBS); cell pellets were then solubilized in 20 mm cold Tris-HCl, pH 7.5, and placed on ice for 1 h. After centrifugation at 14 000 r.p.m. for 30 min at 4°C, 
Immunocytochemistry and Western blotting
The mouse monoclonal antibody Topol/6G5, kindly provided by Dr G Astaldi Ricotti (Pavia, Italy), was used to study topoisomerase I protein expression in cell cytospins, and staining was performed as previously described (Giaccone et al, 1995) . Western blotting was performed according to the enhanced chemiluminescence (ECL) protocol by Amersham (Buckinghamshire, UK) with the monoclonal antibody diluted 1:100 (Whitehead et al, 1979) , as described previously (Pizao et al, 1994) . In short, proteins were extracted from isolated nuclei and the protein samples were loaded on an acrylamide gel and run for 1.5 h at 100 V. Proteins were blotted on an Hybond ECL nitrocellulose filter (Amersham) and incubated with Topol/6G5 for 1 h at room temperature, washed and incubated with a horseradish peroxidase-labelled anti-mouse IgG (Dako, Glosstrup, Denmark) for 1 h. After washing, the membrane was incubated with an ECL detection reagent (Amersham) for 1 min. Bands were visualized on Hyperfilm ECL (Amersham) by autoradiography.
HPLC analysis of CPT-11 and SN-38
For further studies, we selected the NCI-H322 (NSCLC) and NCI-HI 87 (SCLC) cell lines, which displayed the highest difference in sensitivity to CPT-11 and CE activity. Cell lines were grown in flasks and a drug incubation period of 24 h to 2 ,UM of CPT-11 was chosen to assure complete drug uptake into the cells and before massive cell kill. After exposure, cells were harvested, counted and washed twice with cold PBS. Cell pellets were extracted with cold acetonitrile/methanol (1:1) for 10 min. After centrifugation (1 min, 1°C, 13 500 g) 100 tl of the supernatant was added to 300 gl of 50 mm ammonium acetate/5 mm tetrabutylammoniumdihydrogenphosphate (TBAP) (pH 6.6). For each cell line, this experiment was performed six times. Extracellular drug concentrations were studied by extracting 200 gl of the culture medium with 300,l of cold acetonitrile/methanol (1: 1) followed by centrifugation for 1 min at 1°C at 13 500 g; 250 ,ul of the supernatant was then added to 750 ,tl of 50 mm ammonium acetate/5 mm TBAP (pH 6.6). Fifty microlitres of the TBAP-containing solutions were injected into a high-performance liquid chromatography (HPLC) system provided with two Prodigy 5 ODS2 columns of 150 x 3.2 mm (Phenomenex, Bester, Amstelveen, The Netherlands), a mobile phase consisting of an ammonium acetate buffer, TBAP, methanol and acetonitrile and two fluorescence detectors (kex = 385 nm and ken =450nmforCPT-ll;kex =385nm and kem = 530 nm for SN-38). The lower limit of quantification (LLQ) was 0.5 nm for CPT-11 (lactone and carboxylate) and 1.0 nm for SN-38 (lactone and carboxylate). The between-day precision was 7.2%, 5.7%, 9.9% and 7.8% for CPT-11 carboxylate, CPT-11 lactone, SN-38 carboxylate and SN-38 lactone at a concentration of 3 nm and 5.6%, 5.5%, 7.8% and 5.5% for the same four compounds at a concentration of 150, 75, 20 and 45 nm respectively.
RESULTS

Antiproliferative activities of CPT-11 and SN-38
The antiproliferative activities of CPT-11 and SN-38 are summarized in Carboxylesterase activity A significant correlation was found between the sensitivity to CPT-11 and the CE activity of the cell lines (r2 = 0.52, P = 0.028) (Figure 1 ). When CE activity was expressed as mU mg-' of protein (Jansen et al, 1997) , similar results were obtained (not shown). Similar to the CPT-11 cytotoxicity, the CE activity detected in SCLC cell lines was significantly higher than that of the NSCLC cell lines (P = 0.025) ( Table 1) . This difference could not be explained by different processing of the cell lines, such as the use of trypsin for the isolation of cells growing as monolayers (Heymann and Mentlein, 1981) or by a difference in the protein contents of the cell lines (not shown). We also measured the CE activity in the culture medium and human serum, which were 5.8% and 5.1% of that of the cell lines respectively.
Topoisomerase I protein expression A granular nuclear staining, as has been described before (Giaccone et al, 1995) , was detectable in all cell lines by immunocytochemistry of cytospins (not shown). Western blotting of protein extracts identified the two topoisomerase I bands (100 and (Figure 3 ). In both cell lines, the concentration of the active lactone form of CPT-11 was higher than the carboxylate form. The total level of CPT-11 found in the cell line NCI-H 187 was approximately two times higher than that of NCI-H322, indicating a higher CPT-11 uptake during the 24 h incubation time in the SCLC cell line NCI-H187 than in the NSCLC cell line NCI-H322. Both forms (carboxylate and lactone) were also higher in NCI-H 187 than in NCI-H322. Total SN-38 and its lactone form were detectable in the sensitive cell line NCI-H 187 but were under the detection limit of the method in the more resistant cell line NCI-H322. SN-38 carboxylate was under the detection limit in both cell lines. The intra-and extra-cellular concentrations of CPT-11 and SN-38 at the end of the 24-h drug exposure are reported in Table 2 . Slightly but significantly higher cell pellet concentrations compared with the medium were found in the cell line NCI-H322 (P = 0.025), and this difference was even more striking in NCI-H187 cells, in which the cellular concentration was 2.6 times higher than that in the medium (P = 0.002), which might be an indication of active transport of CPT-11 into the cells. Neither the lactone nor the carboxylate of SN-38 were detectable in the medium. SN-38 was only detectable as the lactone in the cell pellet of the cell line NCI-H 187, which might explain the difference in drug sensitivity between the cell lines and may also indicate that SN-38 is formed intracellularly.
DISCUSSION
A striking difference in sensitivity to most cytotoxic drugs exists between histological types of lung cancer, SCLC being far more sensitive than NSCLC. The nature of this different sensitivity is poorly understood. CPT-11 has recently shown promising results in clinical trials in lung cancer patients, response rates in SCLC being higher than in NSCLC (Giaccone, 1996) . Interestingly, in our study, the SCLC cell lines were significantly more sensitive to CPT-1 than the NSCLC cell lines. The large difference in antiproliferative activity between CPT-11 and the active metabolite SN-38 in our panel of human lung cancer cell lines is consistent with previous findings (Kaneda et al, 1990; Kawato et al, 1991; Jansen etal, 1997) .
For the topoisomerase I inhibitor CPT-11, the reduced intracellular conversion of CPT-11 to its active metabolite SN-38 was reported to be the main cause of drug resistance in two human cancer cell lines (Kanzawa et al, 1990; Niimi et al, 1992) and in a gastric tumour xenograft line (Nagai et al, 1995) . In these cell lines, a decreased CE activity caused a decreased intracellular conversion of CPT-11 to its active metabolite, resulting in relative resistance. In our study, SCLC cell lines had significantly higher levels of CE activity than NSCLC lines. The correlation between high endogenous CE activity and higher sensitivity to CPT-II suggests the use of CE activity as a determinant of CPT-11 efficacy. However, we were unable to confirm this association in SCLC or NSCLC cell lines separately, probably because of the small number of cell lines (not shown). In a recent study, we could not find a correlation between the CE activity and sensitivity to CPT-l 1 of human colon cancer cell lines (Jansen et al, 1997) , suggesting the existence of differences between tumour cell types. CE activities in human tumours vary widely, as reported in 18 different tumour types: interestingly, SCLC tumour tissues were found among those displaying the highest CE activity . Determination of CE activity may pose some technical problems for application in human tumours, as a study in rats and mice showed that endogenous carboxylesterase enzymes are present in several normal tissues, including plasma, intestinal mucosa and liver (Tsuji et al, 1991; Jansen et al, 1997) . In our study, however, only a low CE activity was found in human serum compared with that found in the human lung cancer cell lines. Because only a small percentage (< 10%) of CPT-11 is converted into SN-38 after administration to patients (Rowinsky et al, 1994) , targeting the CE gene to tumour cells might offer a new treatment strategy for prodrugs that are activated by CE (Senter et al, 1996) . Rat serum carboxylesterase was reported to enhance the cytotoxic activity of paclitaxel-2-ethylcarbonate and CPT-11, prodrugs of paclitaxel and SN-38 respectively (Senter et al, 1996) .
Decreased expression of the topoisomerase I gene or reduced activity of the enzyme is a common cause of decreased sensitivity British Journal of Cancer (1998) 77(12), [2171] [2172] [2173] [2174] [2175] [2176] to topoisomerase I inhibitors in drug-resistant in vitro selected cell lines (Gupta et al, 1995) . In our study, the topoisomerase I protein level determined by immunohistochemistry and by Western blotting did not predict sensitivity to CPT-11 or SN-38. However, we recently observed a correlation between topoisomerase I enzyme activity and sensitivity to SN-38 in five colon cancer cell lines (Jansen et al, 1997) . In this study, no correlation was observed between topoisomerase I mRNA expression and sensitivity to CPT-11. Previous studies of unselected human lung cancer cell lines and cell lines of other origin have shown that sensitivity to camptothecin was not correlated to the mRNA expression of the gene, with cell doubling time or percentage of S-phase cell population (Giaccone et al, 1992; Perego et al, 1994) . In another study of seven human colon cancer cell lines, the activity of camptothecin was not correlated with topoisomerase I mRNA or protein expression, drug uptake or percentage of cells in S-phase, but a log-linear correlation was observed between camptothecin-induced cleavable complexes and growth inhibition (Goldwasser et al, 1995) .
In our study, we performed assays that may eventually be applied to patients' samples; we did not perform activity assays or cleavable complex studies, as these require large numbers of cells and are not feasible on small biopsies, which is often the only material available from SCLC patients. Furthermore, in a recent report, a weak but significant linear relationship (r2 = 0.2, P < 0.0094) was observed between topoisomerase I activities and protein expression in lung cancer samples (Savaraj et al, 1997) .
In the two lung cancer cell lines displaying a large difference in chemosensitivity, we identified a significant difference in CPT-11 uptake, suggesting the involvement of a transport mechanism affecting the activity of this drug. Moreover, in the more sensitive cell line, a higher intracellular concentration of the active metabolite SN-38 was found, in agreement with the higher CE activity detected. These findings would indicate the presence of at least two different mechanisms of sensitivity to CPT-1 1: one dependent on an active drug transport and a second one dependent on metabolic activation. A higher intracellular concentration of SN-38 was also described in the human non-small-cell lung cancer cell line PC-7 than in its CPT-l1 -resistant variant, but no difference in drug accumulation was found in this study (Kanzawa et al, 1990) .
Camptothecins are weak substrates of transmembrane transporter proteins such as P-glycoprotein or the multidrug resistanceassociated protein MRP. However, the camptothecin derivative topotecan has been described to be weakly transported by P-glycoprotein (Chen et al, 1991; Mattern et al, 1993) , more than CPT-1 1. P-glycoprotein is generally undetectable in unselected human lung cancer cell lines (Lai et al, 1989) whereas MRP was expressed in all cell lines examined (Giaccone et al, 1996) .
In selected cell lines expressing P-glycoprotein, this transporter appeared to influence the sensitivity to CPT-11 and SN-38 in vitro, but this had little influence on the activity of the drugs in xenografts (Jansen et al, 1998) . Moreover, MRP expression did not appear to affect the activity of CPT-11 or SN-38. In the present study, the doxorubicin-resistant multidrug-resistant cell line GLC4/ADR was as sensitive to CPT-11 and SN-38 as the parent cell line GLC4. As GLC4/ADR overexpresses MRP (Zaman et al, 1993) , this is a further indication that CPT-11 is also not a substrate of this transport protein. Recently, homologues of MRP have been identified, and their involvement in drug resistance needs further investigation (Kool et al, 1997) .
Altered accumulation of camptothecins has been described in the absence of MDR1 expression: in CHO cells resistant to camptothecin, a decreased accumulation of the drug was observed, compared with the parent cell line (Chang et al, 1992) . Furthermore, in MCF7/MX, a mitoxantrone-resistant breast cancer cell line, cross-resistance was observed to topotecan, CPT-11, SN-38 and 9-aminocamptothecin, but only slightly to camptothecin (Yang et al, 1995) . Interestingly, this cell line displayed a decrease in accumulation for topotecan and camptothecin, in the absence of P-glycoprotein expression and levels of expression of MRP similar to the parent cell line. A reduced stimulation of the cleavable complex by topotecan was also reported, without a difference in topoisomerase gene expression. Cross-resistance in general occurs between topoisomerase I inhibitors, but variable degrees may exist and different mechanisms of drug resistance may be involved. For example, the activity of the novel indolocarbazole substrate NB-506 appeared to be reduced by a defect in accumulation in resistant cell lines, whereas camptothecin was not affected (Kanzawa et al, 1995) .
In conclusion, high CE activity in human lung cancer cell lines was associated with a higher cytotoxicity of CPT-II and was greater in SCLC than in NSCLC cells. The use of the CE activity assay may be warranted in the prospective assessment of tumour response of lung cancer patients to CPT-I11. However, the mechanisms of resistance to CPT-11 and other topoisomerase I inhibitors are likely to be more complex and, among others, include alterations in cellular transport. Further investigations are necessary to elucidate the nature and the relevance of this transport mechanism.
